Objective: Clostridium difficile is the most commonly reported infectious diarrhoea in HIV-infected patients in the United States. We set out to determine the incidence, risk factors and clinical presentation of C. difficile infections (CDIs) in a cohort of HIV-infected individuals.
CDI severity has been increasing in the general population with a near doubling of the US hospitalization and case fatality rates [8, 9] . Over this same time period, no published studies have examined CDI in HIV-infected patients. We hypothesize that the current incidence of CDI in HIV-infected patients is higher than previously reported, and that HIV-related immune suppression is a risk factor for CDI independent of antibiotic exposure and healthcare facility exposure. We evaluated the incidence of CDI, identified risk factors for incident CDI and described the clinical presentation of CDI in this cohort.
Materials and methods

Study design
We performed a retrospective cohort analysis of HIVinfected patients receiving longitudinal HIV primary care in the Johns Hopkins Hospital outpatient HIV clinic between 1 July 2003 and 31 December 2010. All patients who initiate care in the clinic for HIV primary care are offered enrolment in the Johns Hopkins HIV Clinical Cohort (98% acceptance rate) [10] .
Patients with CDI were identified from hospital electronic records. The medical records of each of these patients were then reviewed manually to confirm the laboratory result and to collect data on clinical presentation and disease course. Annual CDI incidence was computed using the number of initial cases per calendar year and person-years of follow-up in the cohort. A nested case-control study was performed with four HIV-infected controls with no known CDI matched to each case of CDI. Controls were individually matched on cohort enrolment date within 6 months, duration of follow-up within 6 months and CD4
þ cell count at cohort enrolment within 100 cells/ml.
Clostridium difficile tests
To identify both inpatient and outpatient CDI cases, test results were extracted from a hospital electronic database. From 1 July 2003 through 9 May 2004, the stool C. difficile cell culture cytotoxicity neutralization assay was used for testing. From 10 May 2004 through 14 June 2009, stool samples were screened with the C. difficile glutamate dehydrogenase (GDH) antigen enzyme immunoassay (EIA) and positive samples were tested with the C. difficile cytotoxicity assay as previously described [11] . Starting on 15 June 2009, stools screening positive with the C. difficile GDH antigen EIA were tested with the BD GeneOhm (BD Diagnostics, Sparks, Maryland, USA) PCR for C. difficile toxin B gene real-time PCR assay. From 1 January 2010 through the end of the study, stools were tested exclusively with the C. difficile toxin B PCR. The laboratory only accepted unformed stool for testing with the C. difficile toxin B PCR, but this requirement was not completely enforced for other CDI tests. No C. difficile strain identification data are collected by the laboratory.
Definitions
An incident CDI case was defined as the first positive C. difficile test result during the study period in individuals with no known prior CDI. CDI testing results prior to the study period were obtained starting 1 January 1999 in order to exclude individuals with evidence of CDI prior to the study period from the incident case analyses.
Multiple aspects of clinical presentation were examined in the review of case records. Diarrhoea was defined as documented subjective patient or physician report of diarrhoea. Stools per day were recorded, where available. Bloody stools were defined as documented subjective patient or physician report of bloody stools. The diagnosis of colitis was based on colitis or signs of inflammation consistent with colitis on computerized tomography (CT) scan reports. Pseudomembranous colitis was defined as pseudomembranes reported on colonoscopy or pathology. White blood cell count (WBC) data were extracted from laboratory records as the laboratory value nearest to and at a maximum of 3 days from the date of the positive stool test result.
Healthcare exposure was defined according to the clinical practice guidelines for C. difficile infection in adults [12] . Event date was defined as the date of the positive test result for cases. The same date was used as the event date for matched controls with approximated equivalent follow-up time as the corresponding case. Hospital onset-healthcare facility associated (HO-HCFA) exposure was defined as an event date in cases and matched control occurring from hospital day 3 through discharge. Community onsethealthcare facility associated (CO-HCFA) was defined as any inpatient, outpatient or skilled nursing facility exposure in the 12 weeks preceding the event date in cases and controls, including the first 3 days of hospitalization. Outpatient exposure was defined as any provider visits, physical therapy or documented nursing visit where treatment was provided. Healthcare exposure at outside facilities was included when documented in the available records. Community-associated CDI (CA) was defined as absence of healthcare facility exposure in the 12 weeks preceding the event date. Recurrent disease was defined as a positive CDI test or documented concern for recurrent CDI by the treating clinician prompting retreatment within 28 days after completion of the initial CDI treatment. Follow-up was defined as documented inpatient or outpatient visit or communication with clinical staff within 28 days after completion of CDI treatment.
We reviewed the outpatient clinic records and inpatient pharmacy order database to determine medications received in the 30 days prior to the date of CDI in cases and corresponding controls. Antibiotics were categorized into six groups on the basis of mechanism and antimicrobial spectrum: clindamycin, fluoroquinolones, penicillin derivatives with gram-negative activity, cephalosporins, trimethoprim-sulfamethoxazole (TMP-SMX) and macrolides. Statistical analyses were performed using STATA 12.1 [14] . Two-sided testing was used, with a P value of less than 0.05 considered significant. We used the Poisson distribution to calculate the standard error and 95% confidence interval (CI) for the incidence rate. Separate simple conditional logistic regression (SLR) analyses were performed to identify individual variables associated with the development of CDI. Conditional logistic regression models were used to avoid bias resulting from matching. Biologically plausible interactions between pairs of significant variables in the SLR analyses were tested.
Variables included in the multiple conditional logistic regression (MLR) model were selected on the basis of clinical relevance and biologic plausibility. These variables were CD4 þ cell count category, log 10 copies/ml HIV-1 RNA, HO-HCFA, CO-HCFA, clindamycin use, fluoroquinolone use, GN-PCN use, cephalosporin use, TMP-SMX use, macrolide use, use of gastric acid suppression, age categories, sex and CKD stage. We exponentiated the model coefficients to obtain the adjusted odds ratio (AOR) and corresponding 95% CI. Linear combination of estimates was used to make comparisons between nonreferent categories. Conditional logistic regression models estimate AOR, which approximates the relative risk given low CDI incidence and use of incidence density sampling [15] . A log binomial model was used to estimate the relative risk of CDI recurrence by CD4 þ cell count category. Three sensitivity analyses of the MLR model were performed: including only individuals with diarrhoea documented in the medical record, including statistically significant and mechanistically plausible interaction terms, and including imputed missing data for CD4 þ cell count category and log 10 HIV viral load. The multiple imputation utilized chained equations: ordinal logistic regression for CD4 þ cell count category and linear regression for log 10 HIV viral load with MLR model covariates as predictors.
Results
Between 1 July 2003 and 31
December 2010, 4217 individuals were followed for a median of 4.1 years and a total follow-up time of 18 525 person-years. During this interval, we identified 154 incident cases of CDI for an overall incidence of 8.3 cases per 1000 person-years. There was no significant change in incidence noted over the study period.
Clinical presentation in initial cases of CDI was characterized by diarrhoea (81.6%), with a mean of 4.7
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The 152 incident CDI cases were matched with 602 controls. We excluded two cases due to lack of matched controls and two cases had one control. Baseline characteristics are compared in Table 2 . Forty-three cases (28%) had no clindamycin, fluoroquinolone, GN-PCN, cephalosporin exposure or HO-HCFA exposure. SLR
and MLR results are summarized in þ cell count and macrolide interactions in the multivariate model found no significant interactions. Immunosuppressent use was no longer significant in the sensitivity analysis (P ¼ 0.09). There were no other changes in inference compared with the final model. A sensitivity analysis of imputed missing values of CD4 þ cell count category and log 10 HIV viral load resulted in no change in inference of the effect of CD4 þ cell count category on the risk of CDI.
Recurrent CDI occurred in 13% of all incident CDI cases and in 17% of cases with documented 28-day follow-up (118 cases with 28 days of follow-up). The unadjusted risk for CDI recurrence was 24% higher (95% CI 8-42, P ¼ 0.003) in individuals with a CD4 þ cell count of less than 350 cells/ml than those with a CD4 þ cell count of at least 350 cells/ml.
Discussion
This study has several important findings. First, the incidence of CDI was twice that reported in another cohort of HIV-infected patients from 1992 to 2002 [16] . Impairment of cellular immunity, as measured by CD4 þ cell count of 50 cells/ml or less, was a risk factor for CDI independent of antibiotic use, gastric acid suppression, immunosuppressant use, CKD and healthcare exposure.
The incidence of CDI in this study cohort could have increased from prior reports for several reasons. First, CDI incidence in the general population is increasing and may contribute to the increased incidence in our study [17] . In addition, over time, CDI testing modalities have changed, and each modality has different sensitivity and specificity [18, 19] . Finally, the most recent cohort study Clostridium difficile in an HIV-infected cohort Haines et al. 2803 of CDI incidence in an HIV-infected population used the Adult/Adolescent Spectrum of HIV Disease Project (ASD) cohort, which ended in 2002, prior to the emergence of the B1/NAP1/027 epidemic strain. Subsequent reports found evidence of outbreaks of the B1/NAP1/027 strain in several United States cities [20] and this strain was also present at our institution during the study period [21] . Together, the increased CDI incidence nationwide, changes in testing modalities and the emergence of highly pathogenic C. difficile strains likely contributed to the increased CDI incidence in this study.
Clinical presentations of CDI in our cohort were similar to previous reports in HIV-seronegative populations, with the exception of lower median leukocyte counts in this study population (approximately 6 Â 10 3 cells/ml compared with 12 Â 10 3 cells/ml) [22] , and no mortality was directly attributed to CDI in this study. Previous studies of CDI-associated mortality in HIV-infected populations vary in methodology and have conflicting results [2, 3, 23] .
In the multivariable regression, CD4
þ cell count of 50 cells/ml or less was an independent risk factor for CDI. In the pre-ART era, this association was demonstrated in one HIV-infected hospitalized population [6] ; however, no other study has demonstrated this association in the modern ART era [2, 23, 24] . Our results suggest that severely compromised cellular immunity may confer an increased CDI risk in HIV-infected populations. This may occur through impairment of the antibody response to C. difficile toxins, which predisposes to CDI [25] . Memory B lymphocytes are reduced in HIV infection, which correlates with diminished vaccine-specific antibody responses [26] [27] [28] [29] . Furthermore, two clinical trials found that the antibody responses to conjugate pneumococcal vaccine are diminished in HIV-infected individuals as CD4 þ cell counts decreased [30, 31] . These studies suggest that cellular immunity deficits due to HIV infection can affect antibody responses. Hence, it is plausible that severely compromised cellular immunity in advanced HIV may affect the antibody response to C. difficile toxins and increase risk of CDI.
Our MLR also demonstrated an increased CDI risk with CKD (except stage 3), gastric acid suppressant use and immunosuppressant use. These covariates were included in the analysis because prior studies had shown an association with CDI [32] [33] [34] . Our findings are consistent with those in HIV-seronegative populations.
Several interactions were observed. The TMP/SMX and macrolide interactions with CD4 þ cell count are to be expected due to CD4 þ cell count dependent antibiotic prescribing for opportunistic infection prophylaxis according to HIV treatment guidelines [35] . Not surprisingly, this study has very few cases with low CD4 þ cell counts not on opportunistic infection prophylaxis as our clinic and patients conform to national HIV guidelines. Thus, statistical inference of CDI risk in these subgroups is limited, and the sensitivity analysis supports our exclusion of these interactions from the final multivariable regression model. The interaction of HO-HCFA and GN-PCN was of borderline significance and as such was not included in the model or sensitivity analysis.
Assessing CDI risk in HIV populations by CD4 þ cell count is challenging due to confounding by high levels of healthcare exposure and antibiotic use. We found that 92.8% of individuals with CDI in our study had healthcare exposure in the 12 weeks preceding CDI diagnosis. A recent CDC study found that 94% of CDI cases had healthcare exposure in the 12 weeks prior to CDI testing [36] . As such, routine outpatient clinic visits likely represent a significant CDI risk factor for all patients with HIV in clinical care. However, CO-HCFA exposure was high in both cases and controls and did not affect the risk of CDI in the multivariate model. In contrast, being an inpatient for more than 3 days at the time of CDI testing (HO-HCFA) was a strong CDI risk factor in our model. Although we were not fully able to assess healthcare exposure at all other healthcare facilities, this exposure was included where it was clearly indicated in the records. We did not quantify the type and number of healthcare facility exposures. Thus, it is possible that residual confounding is present, but there is currently no standardized method for quantification of healthcare exposure in CDI. Antibiotic administration records from outside healthcare facilities were not available and represent another potential source of residual confounding. We thoroughly assessed healthcare exposure and antibiotic use within the limitations of a retrospective study design and demonstrated that a CD4 þ cell count of 50 cells/ml or less is a highly significant independent risk for CDI. Prospective studies are needed to more fully explore the association of healthcare visit type and CDI risk and overcome some of the limitations inherent in retrospective analyses.
We did not observe a decrease in incident CDI despite improvements in HIV clinical care over the study period. The CDI incidence rate was unchanged from 7. [37] . In addition, a separate study found CDI incidence dropped from 4.7% in the pre-HAART era to 2.4% in the HAART era (RR 1.94, 95% CI 1.03-3.68) [38] . Our seemingly contradictory findings may result from differences in the underlying cohorts, and in particular, our CDI cases had a lower proportion of ART use than controls, consistent with the increased risk identified herein with low CD4 þ cell count. The multivariable analysis in this study suggests that individuals with CD4 þ cell count of 50 cells/ml or less are at the highest risk for CDI. The percentage of individuals with CD4 þ cell count less than 50 cells/ml dropped from approximately 35% in 1994-95 to 15% by [2002] [2003] in the Michigan ASD sites [39] , whereas in our cohort, the percentage of individuals with CD4 þ cell count of 50 cells/ml or less dropped from 15% in 2003 to 6% in 2010 (R.D.M., August 2012, personal communication). It is possible that the observed decrease in the percentage of individuals with a CD4 þ cell count of 50 cells/ml or less in our cohort may not have been sufficiently large to result in a detectable decrease in CDI incidence over the study period. This factor as well as the previously mentioned causes of rising CDI incidence may have obscured any benefit of improved HIV clinical care and treatment on CDI incidence in our cohort over the study period.
Recurrent CDI has not been evaluated previously in HIV-infected patients. We report a lower percentage of recurrent disease than in a prospective study of the general population using a similar recurrence definition [40] . As a retrospective study, our ability to capture recurrences was diminished relative to a clinical trial. However, we only included incident CDI, which may have attenuated the recurrence rate relative to studies including patients with prior CDI. HIV-infected individuals may have lower CDI recurrence rate than the general population. The interpretation of our finding of increased recurrent CDI risk with CD4 þ cell count less than 350 cells/ml is limited due to small sample size and an unadjusted analysis with risk for confounding. Further study is needed in recurrent CDI in HIVinfected patients.
This study has several limitations. There are wide CIs for some AOR estimates in the MLR, illustrating that our model does not fully explain the observed variation in the data. The source population is composed of urban HIV-infected individuals who receive care at a hospitalaffiliated HIV clinic. Our study only assesses the risk of CDI within our cohort and does not make comparisons with the general population. Furthermore, this study is unable to assess the CDI risk of impaired cellular immunity in other populations. However, the results may be generalizable to similar urban hospital-affiliated HIV clinics. Finally, testing may misclassify asymptomatic colonization with C. difficile as CDI. Currently, there is no test able to differentiate colonization from CDI. As such, we were forced to assume that testing was done only in the appropriate clinical scenario, but this was not always clearly documented on retrospective review of the charts. Of note, once our hospital switched to testing with the Toxin B PCR in June 2009, our laboratory only accepted unformed stool, limiting testing to those who were symptomatic. If we were misclassifying a large portion of asymptomatic colonization as incident CDI, we would expect our CDI incidence to decline after introduction of the Toxin B PCR and limiting testing to unformed stool. Such a decline was not observed, but changes in testing modalities confound direct comparison. Prior retrospective cohort studies found diarrhoea in 84-87% of cases, similar to the proportion of individuals with diarrhoea in this study [41, 42] . A sensitivity analysis using only individuals with diarrhoea remained significant for CD4 þ cell count of 50 cells/ml or less and HO-HCFA, suggesting that the inference regarding these covariates is not affected by the inclusion of individuals without recorded diarrhoea.
In summary, we present the largest study of CDI in a HIVinfected population in the modern antiretroviral therapy era. The incidence of CDI was more than twice that previously reported in a similar, earlier HIV-infected cohort [16] . This is the first study to show a CD4 þ cell count of 50 cells/ml or less, which results in an increased risk of CDI independent of traditional risk factors such as healthcare and antibiotic exposure. Clinicians should be cognizant of the risk of CDI in this population and expose these patients to risks such as hospitalization, antibiotics, immunosuppression or gastric acid suppression only when necessary.
